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An Examination of Warp Theory and
Technology to Determine the State of the Art
and Feasibility
J. Agnew1
University of Alabama in Huntsville, Huntsville, Alabama, 35899, USA
In the course of evaluating a scientific or technological concept for merit in its pursuit and study, it is often
beneficial to observe the high-level, driving concepts before proceeding further. The objective of this paper is
two-fold. First, to spark interest in its readers to push the bounds of science ever-further, pursuing even
seemingly impossible technologies, which one day may be realized. And second, to provide a ‘roadmap’, specific
to the concept of warp drives, by which an individual, unfamiliar in the field, may gain a good understanding
of the underlying concepts, the progress made, and the specific weaknesses or gaps in knowledge and technology
which must be addressed. This will range from the theoretical aspects of spacetime metrics, to the more applied
experimentation, including interferometry and electromagnetics. One thing is certain, it will take a concerted
force of teamwork, across a range of scientific and engineering disciplines, in order to establish the groundwork
necessary to further this technology.
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Hubble Constant
speed of light
angle of causally connected region
radius
arbitrary velocity function
belongs to a set from -R to R
Lorentz gauge field potential term
electric field
magnetic field
solenoid length
wavelength
solenoid constant
phase shift of laser
representation of higher dimension ‘bulk space’

II. Introduction and History
First, must be recognized the importance of deep space propulsion in general, and exploration beyond the confines
of the immediate solar system. It is well-known that the desire of mankind to reach for the stars has inspired huge
technological and scientific leaps in almost every field, serving to help exponentially advance our knowledge of the
Universe. These advances include many every-day, practical devices, such as wireless communication and GPS, as
well as commercial and medical technologies. Since the inception of space exploration, there has been a need to
develop faster, more efficient, safe propulsion methods in order to bolster and upgrade the mission capability of
experimental endeavors. Currently, probes and other spacecraft can take many years to reach their destination, which
only adds to cost and expense. This is even more apparent when considering manned missions, which are currently
incapable of reaching any other planet in our solar system. Of course, there have been proposed manned launches to
Mars, but these could take several months, even years, depending on the development of nuclear propulsion systems.
Nuclear fusion, especially, has shown tremendous promise in providing high 𝐼𝑠𝑝 values which could lead to a possible
1
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3-month round-trip Mars mission. However, there is always a desire to push further, farther, and faster. Ultimately,
man wishes to pursue the far reaches of this solar system, and even into other galaxies. When considering that light
itself takes over 4 years to reach Earth from Alpha Centauri, it is understood that, despite the promising developments
in engine power and efficiency, a mission to such a location would take an absurdly long period of time.
The concept of ‘Faster Than Light’, or FTL, transportation was first birthed in the minds of 20 th century science
fiction writers, who often used it as a means of propelling the storyline from one side of the galaxy to the other, with
their characters zipping quickly between planets and star systems. This plot device was carried over into film and
television, most notably in such familiar titles as Star Trek (courtesy of Gene Roddenberry) and Star Wars (courtesy
of George Lucas) among many others. Of course, the primary failing of most concepts for FTL travel, also referred to
as ‘superluminal’, is the governing theory of Einstein’s Relativity, that the speed of light is the ultimate speed, and
that it takes infinite energy to propel an object with mass to a speed >= c. This fundamentally disproves such things
as ‘light speed engines’, and other devices which seek to propel a spaceship through the medium of space.

III. The Alcubierre Drive
One particular concept, which will be discussed here, stood out among the rest, and was brought into existence
mathematically through the work of Miguel Alcubierre [2]. Inspired in part by the drive of like name in the Star Trek
series, he devised this metric which served as a solution for Einstein’s General Relativity Equations, and described a
fascinating superluminal-apparent concept. In essence, what this metric describes is a way of inducing a curvature of
spacetime in a manner akin to an ocean wave. One creates a ‘high-pressure’ curvature behind, and a ‘low pressure’
curvature in front, and the vessel inside of this resulting ‘bubble’ is moved with space to a destination. This is the most
important concept of warp drive, as will be explained more technically in the ensuing comments, and a fundamental
difference to other superluminal theories. The ship does not move through space itself, but rather is relocated by the
expansion and contraction of spacetime, while remaining within its reference frame. It only ‘appears’ to, and for all
intents and purposes ‘has the same effect as’ moving superluminally, but without the usual problems of doing so.
Essentially the proposed loophole can be paraphrased as, ‘if we cannot move through space at the speed of light,
perhaps spacetime itself can expand and contract faster than the speed of light”.
𝑑𝑠 2 = −𝑑𝑡 2 + (𝑑𝑥 − 𝜈𝑠 𝑓 (𝑟𝑠 ) 𝑑𝑡)2 + 𝑑𝑦 2 + 𝑑𝑧 2
(1)
This equation is the metric proposed by Alcubierre, representing a ‘reduced’ formula which takes into account
assumptions such as single-axis movement and the source equation being positive definite for all values of t, which
ensures it is globally hyperbolic. The metric also is formulated in the standard 3+1 spacetime (3 spatial dimension and
1 time dimension), to experiment with the feasibility of the theory when not dependent on higher dimensional models
and simplify the language considerably. Fig. 1 displays a graph of how this metric is applied.

Fig. 1 Model of Alcubierre spacetime warp drive metric.
When the proposed metric is modeled, there are a number of fascinating phenomena which result. The spacetime
is flat in all locations except within a certain region with a defined radius, which allows for localized space distortion.
In addition, the time of the local, centralized region is the same as that of the observer, which indicates no time dilation
effects, however the region itself moves along a time-like curve, resembling geodesics. This appealing feature allows
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the concept to function without violations of causality. Also notable is that the coordinate acceleration is a function of
time, but the proper acceleration along the path of the centroid of this ‘warped region’ is zero.

IV. Unobtainable Energy and Other Fundamental Questions
As stated before, this was one of the first attempts to put warp drive into a spacetime metric, and, despite its
fascinating potential, was not without problems. It is a great advancement to describe a set of equations that appear
to allow spacetime to behave in a certain manner, but scrutinization is required to find the mathematical and physical
objections to its actual manifestation. On the mathematical side, there were raised flags about the energy states and
requirements of the drive, the ability to control the warp bubble from inside, both when moving and when stationary,
and the potential causality violations associated with ‘apparent’ superluminal speeds. On the physical side, the
primary question was “how?”, which came with an array of sub-topics which needed to be addressed, such as the
existence of exotic matter and of spacetime curvature, and the ability to harness and manipulate those. As with most
problems, the mindset is, “can it be solved, and if not, is there a workaround?”.
To offer a few examples of these proposed issues, a good start is energy. All three energy conditions were
violated by the metric in its preliminary form. It can be shown [2] that the weak, dominant, and strong energies all
have a negative density, which indicates a need for exotic matter in large quantities. A calculation made by Ford and
Pfenning [32], based on a governing ‘Quantum Inequality’2 principle, estimates this value to be
𝐸 ≅ −6.2 × 1062 𝜈𝑠 𝑘𝑔
(2)
where 𝜈𝑠 is given by the equation,
𝜈𝑠 (𝑡) =

𝑑𝑥𝑠 (𝑡)
.
𝑑𝑡
(3)

In this equation, 𝑥𝑠 is designated to be an arbitrary function of time. As seen in the first expression, the value for
energy is orders of magnitude greater than the mass of the universe. It should be noted that there are classical situations
in which some energy conditions are violated, as stipulated by Lobo and Visser [21]. They point out that nonminimally coupled scalar fields violate the null and weak energy conditions. However, this does not completely
eliminate the need for further work, and it must be explored further. As they go on to demonstrate, when applying a
‘linearized’ form of the metric in specific scenarios, there are weak and null energy violations across the bubble and
in the walls. It is uncertain whether or not a linearized case is valid, as it is primarily used when dealing with weak
gravitational fields, but this is an example of the various attempts to examine special cases of the drive and search for
potential strong or weak points in the metric.
Another issue, presented by Van Den Broeck [37], and Krasnikov [17], noted that the exotic matter necessary for
the warping effect to occur will likely have to move superluminally with respect to the local ‘light cone’, which would
appear to violate the Relativity Theorem. I.e. the ship may not be able to influence spacetime ‘ahead’ of it without the
use of FTL particles. This matter, commonly referred to as tachyonic particles, is a subject of study, and was similarly
brought up as an objectionable necessity by Coule [8].
A final point in the analysis of the Alcubierre metric, (or any similar warp technology) is the question of causality.
It arises primarily from a lack of sure understanding as to how the world line, i.e. the spacetime representation of an
object’s life-span, represented by a geodesic, will behave under the conditions aforementioned. Everett [10] and others
point out the danger that even the ‘appearance’ of superluminal travel could lead to causality contradictions, and would
imply the presence of closed time-like curves, which opens up the possibility for ‘time machine’ phenomena to occur.
To summarize in a straightforward fashion, the primary opponents to any current or future use of warp field theory
are, firstly energy. Obviously, such a requirement which exceeds any known value is unacceptable, and should be
reduced before any serious thought is given to the concept. In no particular order afterwards, but similarly troubling,
are the methodology of initiating and maintaining the warp field, and localized space and energy behaviors. A more
detailed, step-by-step analysis of each of the aforementioned problems shall be explored next.
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V. Reducing Real and Exotic Energy Requirements
In regards to the energy requirements, perhaps one of the most widely studied aspects of the metric, Van Den
Broeck [36] has proposed a modification of the Alcubierre geometry which shows a step in the right direction. By
making adjustments such that the surface area of the bubble is microscopically small, but expanding the volume of
space within, the region develops a ‘pocket’ within the original metric, as shown in Fig. 2. The primary concept to
consider is the presence of two rings of curved space, i.e. the shaded regions, as opposed to one. This more ‘layered’
approach reduces the energy significantly.

Fig. 2 Top-down view of Van den Broeck metric, where II indicates a transition region and IV is the wall of
the original Alcubierre bubble. (Van den Broeck [36])
These modifications, once put through the necessary equations (those developed by Pfenning and Ford [32] are
again used) yield interesting results for required energy amounts. For region IV, holding to the original Alcubierre
metric, the result is

𝐸𝐼𝑉 ≅ −6.3 × 1029 𝜈𝑠 𝑘𝑔.
(3)
Further applying the modified metric, the positive energy required for the inner pocket of the bubble is found to
be

𝐸𝐼𝐼.+ ≅ 4.9 × 1030 𝑘𝑔.
(4)
The negative energy required for region II is calculated as

𝐸𝐼𝐼.− ≅ −1.4 × 1030 𝑘𝑔,
(5)
With 𝜈𝑠 taken to be 1 for both answers. These are both on the order of a few solar masses, and provide a much
more appealing starting point from which to proceed. He verifies as well that the quantum inequality of note is satisfied
by the equation, making this derivation and ‘shortcut’ valid in the metric’s current form.
Krasnikov [18] has further contributed to the refinement of energy conditions for spacetime curvature in his 2003
paper. With success, he proves that the worrisome dependence on the quantum inequality is not always coupled with
large energy densities, which in themselves do not require large amounts of negative energy, nor do they make a
‘shortcut’ impossible. Among the many useful pieces of information one can glean from his work are the conditions
generally imposed on metrics and shortcuts in general, in order for them to comply with General Relativity (GR). He
provides a proof that superluminal journeys do not always necessitate a violation of the weak energy condition (WEC),
meaning an observer could observe a positive energy density in the curved region. To summarize a lengthy discussion,
6

he points out that there are certain cases where assumptions and postulations made by others do not necessarily hold,
or that a workaround exists. He demonstrates this quantitatively with a wormhole example (often written about in
similar context to warp drives as a suitable FTL alternative). His values for the initialization of and maintenance of an
initial ‘portal’, of sorts, would require only −10−4 𝑔 and −10−3 𝑔 respectively. These numbers, compared to the
gargantuan values of prior theory, offer some promise of success when further manipulating the Alcubierre metric.
The key, in this case, is to ‘make room’ within the region once the initial hole is manufactured, which can be done
more easily and with less energy, theoretically. This is shown visually in Fig. 3. By making the observed radius small,
along with a few other modifications, one can cut down on the total energy requirements, and make the interior, as he
puts it, ‘arbitrarily roomy’.

Fig. 3 Example of Krasnikov wormhole theory. (Krasnikov [18])
In an attempt to approach the energy problem from a new direction, White [40] suggested that a variation of the
ship geometry, as well as the bubble thickness, might obtain the desired results. By converting the shape of the warping
device to a torus, the necessary energy was reduced to approximately the mass of Jupiter. Next, he modeled the field
and increasing the thickness of the bubble, he found a correlation between decreasing York Time magnitude (a
measure of the expansion and contraction of space) and increasing bubble thickness. In addition, he noted a relation
between decrease in the magnitude of energy density, and an increase in bubble thickness (see Fig. 4). In short, the
thickness increase will reduce the projected expansion of space, but also greatly reduce the energy required to achieve
a substantial perturbation, at the cost of ‘real estate’ inside the bubble. To further exploit this advantage, White
suggested that spacetime could be ‘softened’ by oscillating the intensity of the bubble. His chart regarding the
relationship between energy, bubble and toroid geometry, and other variables is shown in Fig. 5.

Fig. 4 A visual aid to reducing required energy densities for a warp bubble. (White [40])

7

Fig. 5 Exotic mass (negative energy density) requirements based on torus dimensions. (White [40])
In a fascinating overview of the quantum inequality restrictions, Loupe, et al. [24] rework some of the equations
based on some assumptions they suggest to be incorrect. For example, one such assumption treats the Alcubierre warp
field as the result of a free, massless, scalar field, which it is not. This highlights an important over-arching topic to
the entire subject, that when simplifying in order to more easily derive a theoretical expression, one should take care
to make valid simplifications. Another change that was made is to enact a few changes on the original ‘lapse function’,
which accounts for proper time in GR, given as A. This was defined to be constant through the negative energy region,
but not necessarily 1. This allows for further manipulation of the final energy result, which is calculated to be on the
order of -0.068 solar masses, with room for further reduction. A value of A can be chosen, for a given bubble wall
thickness, which can knock off a few more orders of magnitude. It is not a perfect solution, but again, progress is
encouraging. For those who are interested in viewing how A is integrated into the governing piece-wise functions, the
process is explained in much greater detail in their paper.

VI. Radiation, Causality, and Other Potential Side-Effects
Assuming that the energy conditions can be worked out, avoided, or otherwise made less of a factor, there is
still a discussion on what actually ‘happens’ within and around a warp bubble. Several authors (such as McMonigal,
et al. [26]) have done relatively thorough calculations which stipulate that the flexing and curvature of spacetime,
particularly when the bubble is in motion, will cause approaching particles to accelerate, and will otherwise magnify
or induce unwanted effects, such as Hawking radiation. The presence of this sort of radiation or high velocity
particulate bombardment would necessitate very heavy shielding for a potential ship and crew, unless a work-around
is found.
One of the most useful developments on this front, from a very recent 2018 paper, (Hart, at al. [14]) describes
the problem in question, and proposes that it may be a non-factor. To summarize their highly important progress,
they note that the incoming matter and photons will be slowed down when entering the front, warped region (using
the Broeck metric), and therefore will not initiate high velocity collisions. In addition, they determined that it would
be possible for the ship to emit a photon signal towards the front of the bubble and communicate information in this
manner, presumably with the ship’s destination. This must be further refined and investigated, but is a very
promising addition to the theory as a whole.
Causality has been recognized as an issue, and summarily addressed, by several authors. The primary two that
will be mentioned here are Everett [10] and González-Díaz [11, 12]. The primary question driving these discussions
is, at any point in time, will there be a scenario or timeframe in which an event will be observed to occur before it
‘actually’ does, or will particles or energies interact in a ‘recursive’ manner, as akin to a time machine? Everett
points out that the warp bubble is a particularly special case, as the local velocity of all particles is less than the
speed of light, (in GR this is defined as having a ‘time-like’ world line) and thus a causality problem will only arise
in the presence of closed time-like curves (CTC’s). These have the potential to occur primarily at the ‘leading edge’
of the bubble, i.e. the ‘forward light-cone’. He mentions, however, that they may be eliminated by some kind of
8

model with initial conditions which would cause these curves to be a non-factor, perhaps hidden behind an event
horizon. He does not supply a model specifically, but does indicate that the problem appears potentially reconcilable
on the theoretical side.
González-Díaz [12] argues that the presence of the CTC’s is an advantage, assuming they can be determined to
exist, because they might allow greater ability to control the warp bubble. In addition, he provides some
mathematical manipulations which allow for the warp drive to be more stable over its lifespan, if it is done applying
a Rindle vacuum or on a microscopic scale. His ultimate conclusion appears somewhat optimistic, although, like
many others, he considers the idea limited to Planck length size phenomena, as opposed to a macroscopic spaceship.
Loupe et al. [25] proposed a spacetime metric which claimed to solve some of the causality issues. The concept
was elaborated on in two dimensions, with the idea that it could be expanded further with more work. The primary
result of the research is that, with a piece-wise, continuous lapse function, A, one can mathematically eliminate any
erroneous causal relations which appear. The choice of functions matters, and the thought process behind
determining the appropriate relations and equations is well-documented in the paper and worth a review.
A final aspect to consider, which has only been alluded to before, is the behavior of particulates, especially
photons, when interacting with the warp bubble. Müller and Weiskopf [28] put out an extremely well-written paper
which discusses a number of situations and perspectives, providing graphs and other visual aids to demonstrate what
these predicted behaviors are within the Alcubierre or Broeck metric. For example, in Fig. 6, the view of space of an
observer is distorted by a warp bubble passing at 2c. Interestingly, as pointed out in their paper, there is a second
region of distortion moving in the opposing, - x direction, which represents the light rays delayed by their interaction
with the bubble and now reaching the observer.

Fig. 6 Visualization of photon path phenomena due to passing warp bubble, which is moving left to right.
(Müller and Weiskopf [28])
They demonstrate, through their theoretical derivation which is consistent with other literature, that the photons
entering the bubble from the front, leading edge will appear blue-shifted to an interior observer. As seen in Fig. 7,
this was also verified by McMonigal, et al. [26] in their paper. In like manner, those entering the bubble from the aft,
trailing edge will appear red-shifted, essentially a GR manifestation of the Doppler effect. Fig. 7 displays the
calculations of these shifts based on specified initial conditions. In the graph, the regions designated by N and P
represent particles with initial negative and positive velocity, respectively, which intersect the warp bubble. The B
regions indicate particles with velocity greater than the ship velocity. Also, the positive and negative signs indicate
superluminal and subluminal warp bubble velocity, respectively.
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Fig. 7 Relative red/blue shift of photons based on their initial velocity, 𝝊𝒑 and that of the ship within the
bubble, 𝝊𝒔 . (McMonigal [26])
In addition to this, there is a ‘lensing’ which occurs due to the curvature of spacetime, which causes the frontal
view to appear magnified, while the rear undergoes the opposite effect. Müller and Weiskopf show, in Fig. 8, that
rest particles within the bubble’s sphere of influence are displaced from an initial position and undergo a torque as a
result of said passing warp bubble.

Fig. 8 Position and orientation of particles as displaced and rotated by a passing warp bubble, moving again
from left to right. (Müller and Weiskopf [28])

VII.

Alternative Spacetime Metrics

Thus far the various energy and causality related objections proposed for the Alcubierre metric have been
examined. While some of these are proposed in such a way as to be universal to any superluminal ‘drive’, not all are
applicable outside the original metric’s scope, or failed to take certain other factors into account which may require
their modification to be used elsewhere. Because of this, there have been a number of attempts to derive an entirely
new metric, which could be explored for its value in regards to furthering the field. A few of these metrics approach
entirely from the theoretical side, and attempt to describe various ways spacetime can move. The goal of these
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proposals is that, if one can prove with current knowledge that spacetime can behave a certain way, the remaining task
is ‘simply’ to engineer a device which can do such a thing.
One proposal which tries to explain the method through which a space warp could be formed, is a relatively recent
concept introduced by Obousy and Cleaver [30, 31]. It builds upon the known qualities of the Casimir effect, and,
using a 4+1-dimensional model, suggests a method for controlling the expansion and contraction of space. They are
able to derive a relation between the ‘radius’ of this fourth dimension and the Hubble Constant for the expansion of
space. More detail can be obtained from their paper and calculations, but the end result is the equation
𝐻𝑎 = −𝐻𝑏 .
(6)
This relation indicates an inverse correlation between the expansion of a fourth dimension and the expansions of
other dimensions. In short, by manipulating the size of this fourth dimension, one can change the Hubble constant and
control the rate of expansion and contraction of space. Acknowledging that these deductions are far from complete,
they further postulate that the energy required to produce this phenomenon is not out of reach, and would, in fact,
require approximately 10^28 kg of antimatter (assuming that is the medium used), or approximately the mass energy
of Jupiter. Obviously, this is impossible to achieve at present, but it establishes an excellent building block for other
researchers to improve upon and fine tune. In a very recent 2018 paper, these two put forward the new idea that string
theory, a current favorite unified theory among theoretical physicists, may open up the possibility for a warp drive
concept. They present the topic in a very elementary fashion, to widen the prospective reading base, and they offer
some comments on the applications of supersymmetry in warp theory. They connect this to the aforementioned
cosmological constant manipulation, as a potential pathway moving forward.

Fig. 9 Spacetime curvature as influenced by expansion and compression of 4 th spatial dimension (Obousy and
Cleaver [31])
Natario [29], on different note, proposes a metric of his own which attempts to accomplish the same task, but
requires no expansion of spacetime. Instead, it relies on ‘sliding’ the bubble through spacetime. The equation he
provides indicates that the radial compression at a particular point in the metric is exactly balanced by a perpendicular
expansion. Perhaps the most fascinating part of his derivation, though, is the relation of causality between the bubble
and the surrounding medium. He shows that, based on the expected trajectories of particles interacting with the bubble,
there will be a cone or ‘horizon’ beyond which the ship cannot causally influence the exterior system. This formula is
compelling particularly because it is reminiscent, in fact almost identical, to the formula for a Mach cone (7).
sin 𝛼 =

1
𝜈𝑠
(7)

11

In addition to this, he also showcased how a sequence of mathematical operations could result in describing our
current universe as, itself, a warp bubble. It is possible this is purely coincidental, but it is fascinating nonetheless.

Fig. 10 Visibility horizon (top) of photons by observer within a warp bubble, past which nothing is seen.
Horizon below defines an extent toward which light rays are more blue-shifted, up to infinity.
Millis [27] contributes to this discussion with comments about yet another way to approach the concept. He uses
the difference between static and dynamic friction in the following example. Suppose a block is placed on a table, and
the goal is to utilize a counterweight mechanism to displace it in a specified direction. One possible solution would be
to induce an irregular oscillation, meaning that, in a particular direction, the ‘swings’ are slow and relaxed, so as to
not overcome static friction, and in the other, they are more sudden. This would result in a slow but consistent motion
to the favored side. Millis postulates that, should there be such an effect to take advantage of in spacetime, that this is
a likely candidate for a propulsive, warp bubble.
A final aspect to the theoretical side of warp theory is that of Electrogravimagnetics. This term was introduced
by Desiato and Storti [8], who describe a metric derived from Maxwell’s equations. In its essence, it describes a
scenario in which electromagnetic field emitters are used to locally curve spacetime.
𝑇 00 =

1
1
(𝐸 × 𝐵) +
∇ ∗ (𝐴𝑖𝑠 𝐸)
8𝜋
4𝜋
(8)

The basic background of this concept is a desire to bypass the relativistic energies and exotic matter necessary for
the original warp concept, and instead attempt to solve it through a more classical means. This is done through the use
of the aforementioned field emitters, which interact constructively in the aft section and destructively in the fore
section of the bubble. This is intended to act similar to a linear induction motor, causing a net Lorentz force in the
positive x direction. As taken from the paper, “In the sense that the field emitters represent a moving frame of
reference, this frame is being “dragged” forward by the Lorentz force. This is analogous to Frame Dragging in General
Relativity.” Rather than utilizing exotic matter, they propose a sort of ‘semi-exotic’ matter, describing how matter in
the field contains a 4-current density and is phase displaced. It is this relative phase displacement which causes the
spacetime curvature, rather than the GR curvature of high energy densities. They further postulate that the method for
controlling the speed of this bubble would lie in controlling the relative phase displacement of the matter in the field.
Another important point is their validation of conservation of momentum, by pointing out that the forward Lorentz
force is counteracted by a backwards radiation of the EM field. Perhaps even more intriguing, there is evidence
presented in this literature that the weak energy condition may be considered a ‘superposition’ of the EM fields, and
it is this superposition that is the primary cause for the bubble’s operation, structure, and movement. This is enticing
from an engineering standpoint, as the emitters themselves are contained within the bubble reference frame. Therefore,
they will have no foreseeable difficulty with intercommunication due to causal violations which might otherwise occur
when doing so across the warp bubble wall.
The alternative to the aforementioned theoretical approach is to arrive at a result primarily through forms of
experimentation. This has become exponentially more probable due to the most recent advances in power capability
and instrumentation sensitivity, and promises to shed some light on the issues at hand. White [38] was one of the first
to attempt to engineer an experiment which would hopefully detect some shift in spacetime. He developed a
Michelson-style interferometer in the lab at Eagleworks and postulated that he could detect minor fluctuations in
spacetime caused by the high-frequency oscillation of current through a toroidal semiconductor. It was later pointed
12

out by Lee and Cleaver [19] that such a device did not have the resolution to detect the fluctuations which would
occur, but it was a step in the right direction.
In a slightly different approach, a recent paper by Füzfa [11] is very concise and descriptive in its proposal for a
different style of interferometer experiment. Rather than trying to ‘solve all the problems at once’, so to speak, and
manufacture a fully-functioning warp field, Füzfa proposes that an experiment be devised to fabricate a localized
gravitational distortion which could be detected in the lab. This eliminates any prior concerns about negative energy,
as the goal is simply to cause a single positive distortion in the gravitational field, as opposed to a coupled, warp
bubble effect. To demonstrate the practicality of this concept, he lays out the known, proven interactions between GR
and the Maxwell equations, and proposes an experiment utilizing the capability of a Fabry-Perot interferometer,
coupled with a 20 Tesla electromagnetic field, provided by a superconducting solenoid-style device. As for specifics,
he stipulates that 50 m arm lengths and the aforementioned field strength would allow one to detect a synthetic
gravitational curvature on the same scale of the LIGO experiment. This would require a 200-day run time to allow the
effect to compound in the Fabry-Perot cavity, as based on Equation (9).
𝑇𝑒𝑥𝑝
ℒ
𝐶1
∆Φ ≈ 𝜋 𝐶1 ×
≈ 𝜋 𝑐𝑇𝑒𝑥𝑝
Λ
𝑡𝑏𝑜𝑢𝑛𝑐𝑒
Λ
(9)
In the latter formula, 𝐶1 is the constant associated with specific solenoid properties (turns, diameter, etc.), Λ is the
wavelength of the laser, and 𝑇𝑒𝑥𝑝 is the total time of the test. In an attempt to determine the limits of this experiment,
the author proceeded with some quick, ‘back of the envelope’ calculations which might reduce the time scale further.
Using a shorter wavelength laser, (~170 nm) along with a more powerful magnetic field, (30 Teslas, akin to the
superconducting solenoid built recently by MIT) one could detect the same fluctuations within 30 days. This could,
of course, be further modified, if X-Ray lasers and/or higher strength magnetic fields are deemed possible to use. The
implications of such an experiment would be far-reaching and incredible, as it would be the first time man would have
ever recorded an intentional manipulation of the ‘Holy Grail’ of science, the gravitational field.

Fig. 11 GR metric (left, center) and the relativistic components of magnetic potential (right) for solenoids of
different lengths (top: L = 0.1, middle: L = 1, bottom: L = 10) (Füzfa [11])
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Fig. 12 Proposed Fabry-Perot interferometer, with 50 m arm lengths and 514 nm laser, with one leg running
through a large, 20T solenoid setup. (Füzfa [11])
A perhaps unanticipated option in the area of warp fields is the concept of metamaterials. These are manufactured
composites of polymers and metals, which are designed with the intention of producing or highlighting particular
phenomena which are otherwise difficult or impossible to obtain or observe. Smolyaninov [34] proposes just such an
idea for warp drives, and validates the suggestion with qualitative analysis and proofs. While his metric only provides
warping possibilities at subluminal speeds, about ¼ c, he sees this as some indication of success, as some believe they
are impossible at any speed. His predicted requirements for the metamaterials necessary to induce such an effect
include “a nonreciprocal, bianisotropic nature, in which both spatial and time-reversal symmetries are broken.” He
emphasizes that past experiments with metamaterials point to the possibility that this proposal could be carried out
with modern advances and technology.
On a final note, the discovery of gravity waves in the past couple years has been a breakthrough which not
only supports and affirms Einstein’s GR Theory, but also provides some insight into the concept of space-time
distortion and warping. It is now known that, in nature, very large physical bodies, such as black holes, cause a
curvature in their local area of spacetime. In their breakthrough paper, Abbott, et al. [1] were able to record the
spacetime curvature, i.e. gravity waves, resulting from the merging of two black holes. The success of this experiment
was due in large part to the incredible accuracy which was achieved with the LIGO interferometer system, able to
detect displacements on the order of 10−19 𝑚. This was, and is, a huge step forward for science and also warp theory.
Before, the concept of spacetime curvature was only predicted but not recorded. Now that it is better understood how
the concept occurs naturally, it is more reasonable to discuss methodologies for trying to harness this effect.

VIII.

Concluding Remarks

It is clear there has been a great deal of advancement in warp field theory, despite the relatively few numbers of
people working in the area. Most of the concerns laid out in the beginning of this paper still exist to an extent, but
there is great promise, and several paths forward for determining or discovering a solution. Energy requirements have
been drastically reduced from totally impossible to the bounds of plausibility. The problems with radiation have been
similarly reduced or eliminated entirely, with further examination of the mathematics and changes to the metric. In
addition, causality has been thoroughly discussed, and while some questions remain unanswered, solutions are
available for consideration. It is reasonable to assume, from a theoretical side, that, with advancements in quantum
field theory and greater understanding of the fundamental levels of theoretical physics, there will be continued and
accelerated progress towards a feasible drive.
From the experiment, technical aspect of actually causing the predicted effects, there are several workable theories
in place which deserve further analysis, and necessitate further exploration of exotic matter, EM fields, and
interferometry. LIGO has demonstrated that it is now possible to consistently detect natural gravitational field
distortions on a very small scale. With these in mind, a plausible path forward is presented, which encompasses several
of the relevant technologies for further study. These include:
A. Instrumentation and time measurement sensitivity advancement
B. Through one of the aforementioned methods, to cause and measure spacetime curvature/compression. As a
subset of this, to develop more powerful and more capable magnetic field emitters/solenoids, through the use
of new superconducting materials and other improvements.
C. Explore methodologies for, and devise an experiment to test, spacetime expansion, i.e. the opposite effect of
the prior test.
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D. Experiment with the theoretical implications and physical phenomena which result from a coupling of the
expansion and compression effects within an arbitrarily close proximity.
E. Engineer a way to cause the ‘bubble’ to have a velocity, and further refine its size and characteristics.
The ideas presented in this paper are not all-encompassing, but serve to provide fuel for interested minds to learn
about warp theory. It is hoped that the compilation of a variety of concepts will provide a roadmap, and highlight the
problems which need to be solved, as well as the breakthroughs which must be explored. One can take solace in the
fact that a breakthrough seems imminent through some means, whether it be experimental or theoretical, which will
explain the phenomena and perhaps make the Warp Drive possible in the future. It is certain, as explained above, that
the solutions will involve the cooperation of individuals of vastly different interests and backgrounds, because the
challenges are so multi-faceted in nature. Contributions are needed from both the theoretical and engineering of the
sciences, as each work towards their own goals. There is confidence that, so long as curiosity pushes mankind to
innovate, the answers will eventually come. An appropriate final quote, to serve as encouragement to those who choose
to invest themselves in this work, comes through the courtesy of Mission Control at NASA, as the Apollo vehicle
launched to the moon. “Good luck, and Godspeed.”
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